Objectives: Therapeutic HIV vaccinations may alter the size of the resting memory CD4 þ T-cell latent HIV reservoir as HIV establishes latency when memory responses are formed, including those toward HIV. Alternatively, latently infected CD4 þ T cells maybe killed, while exiting the reservoir upon activation.
Introduction
There is intense interest in developing strategies to target reservoirs of HIV that create barriers to cure [1, 2] . One reservoir for HIV resides in resting memory CD4 þ T cells [3] [4] [5] , in which HIVestablishes latency during formation of CD4 þ T-cell memory responses [6] , including those directed toward HIV [7, 8] . The long life span of memory CD4 þ T cells [6] , and their capacity to undergo homeostatic proliferation, promotes life-long persistence of HIV [9] . Clearance of HIV from resting memory CD4 þ T cells by immune mechanisms or antiretroviral drugs is further hindered by viral quiescence promoted by the resting state of the cells [1, 2] . However, viral quiescence in resting memory CD4 þ T cells may be reversed under specific or nonspecific immune activation stimuli allowing for targeting of latently infected CD4 þ T cells by antiretroviral drugs or immune surveillance [1, 2] .
HIV vaccination of infected individuals is considered as one potential strategy to allow for eventual antiretroviral therapy discontinuation through augmentation of HIV-specific immune responses [10, 11] . Therapeutic immunization may induce HIV expression in latently infected CD4 þ T cells [1, 2, 12] , which could in turn render those harboring latent proviral genomes susceptible to HIV-specific immune responses or to antiretroviral drugs that block steps in the virus life cycle occurring postintegration [1, 2] . Additionally, augmentation of HIV-specific immunity [11] , which wanes in HAART-treated individuals [13] [14] [15] , may facilitate clearance of latently infected cells if they become activated. Alternatively, HIV vaccinations may serve to replenish the latent reservoir if by increasing target cell availability low-level virus replication is enhanced or with infection of HIV-specific memory CD4 þ T cells.
Indeed, plasma viral loads were shown to increase transiently during routine immunization of HIV-infected individuals, even in those on effective HAART [16, 17] . Furthermore, administering therapeutic HIV-pox-based vaccines to infected persons was shown to result in a shorter time to viral rebound and higher levels of viremia when antiretroviral therapy was discontinued [18] . In other studies, however, recipients of therapeutic HIV vaccines, who were on effective HAART, had a trend toward delay in rebound viremia [19] and lower levels of viremia (rAd5-HIV gag vaccine) [20] during treatment interruption. Even in untreated HIV-infected individuals, HIV-vaccinations were found to decrease plasma viral loads for up to 1 year after vaccination [21, 22, 23] . To our knowledge, there is no study reporting on the effect of therapeutic HIV vaccinations on the resting CD4 þ T-cell reservoir in patients receiving HAART.
We examined, in a phase 1 clinical trial of recombinant modified vaccinia Ankara (MVA) and Fowlpox-based HIVvaccines [Pediatric AIDS Clinical Trials Group (PACTG) P1059] [24] in young adults on effective HAART, the effects of immunization on size and decay of the resting CD4 þ Tcell latent reservoir, and their correlations with immune activation, and HIV-specific T-cell immune responses.
Participants and methods
The study was approved by the Institutional Review Board at Johns Hopkins University School of Medicine.
Written informed consent was obtained for each participant at the clinical sites participating in the trial (see below under participants). Blood samples were collected at each study site, and deindentified prior to shipment to the laboratory for analyses of the latent reservoir.
Participants
HIV-infected young adults who were receiving effective antiretroviral therapy (plasma HIV RNA <50 copies/ml) were enrolled between October 2005 and June 2006 in a phase 1 trial [Pediatric AIDS Clinical Trials Group (PACTG) P1059] of MVA and Fowlpox-based HIV vaccines with follow-up ending November 2007 [24] . The vaccines contained HIV env, gag, tat, rev, nef and reverse transcriptase genes [24] . As previously reported, the study participants were to receive two vaccinations with MVA-based vectors at study entry and week 4 and two additional vaccines with the Fowlpox-based vectors at weeks 8 and 24. Most participants received both MVAbased vaccines (N ¼ 19) and one dose of the Fowlpoxvaccine (N ¼ 18), but only 11 received the fourth Fowlpox-booster dose due to interrupted vaccine supply [24] . Two participants received only one and two vaccine doses, respectively, due to possible vaccine-related toxicities [24] .
Study design
The frequencies of latently infected CD4 þ T cells were quantified at two time points (screen and entry) before, and seven time points following HIV-vaccinations (weeks 2, 4, 6, 24, 26, 40 and 72).
Laboratory methods

Assessment of size of the resting CD4 R T-cell reservoir
We used a modification of previously published methods for measuring resting CD4 þ T cells infected with replication-competent virus [25] and previously used to assess treatment intensification on the size and decay of the latent reservoir in adults [26] . Meaurements of the size of the latent reservoir were performed in real-time on freshly collected blood, therefore, issues surrounding assay performance per given time point that may occur with batching of samples are not likely to influence the results reported here. Briefly, cultured cells were derived from peripheral blood mononuclear cells that were enriched for resting CD4 þ T cells [CD4 þ T cells lacking expression of the activation marker human leukocyte antigen-DR (HLA-DR)] by removal of cells expressing CD69, CD25, CD8, CD16, CD14, and HLA-DR using magnetic bead depletion [25] . Enriched, resting, CD4 þ T cells were activated in vitro to promote virus expression, and released virus was then expanded in CD4 þ T lymphoblasts from HIV-seronegative donors. Infected cell frequencies were measured in infectious units per million (IUPM) resting CD4 þ T cells based on maximum likelihood methods [25, 27] . As previously reported, for cultures in which no viral isolates were recovered, an upper bound on the frequency of infected CD4 þ T cells was assigned. The confidence interval (CI) for individual determinations is estimated at AE 0.7 log 10 IUPM [25] .
HIV-specific immune responses
In the parent trial, HIV-specific immune responses were measured at screen, entry, and weeks 6 on all participants and week 26 on 11 participants receiving all four vaccinations [24] . HIV-specific immune studies were carried out with carboxyfluorescein succinimidyl esterbased assays to measure CD4 þ T-cell lymphoproliferation following stimulation with either recombinant HIV p24 gag protein (Protein Sciences, Meriden, Connecticut, USA) or Aldrithiol-2-inactivated (AT2) HIV MN viral particles (kindly provided by Dr Jeffrey Lifson; AIDS Vaccine Program, National Cancer Institute, Frederick, MD); assessment of frequencies of cytokine-secreting (ginterferon or IL-2) CD4 þ and CD8 þ T cells following stimulation with HIV gag p55, nef, or AT2-HIV MN and g-IFN ELISPOT assays to measure the frequencies of HIV-specific CD8-T cells with pools of overlapping Clade B consensus peptides [24] .
Statistical analysis
The demographic summaries include all 20 participants enrolled in the study. However, analyses of the effects of therapeutic HIV-vaccines on the latent reservoir were limited to 19 study participants in whom prevaccine measurements were obtained. In addition, measurements obtained during rebound viremia were excluded because the goal of the study was to examine the effect of HIV vaccines on infected resting CD4 þ T cells with integrated HIV. These included: measurements collected after week 6 in two study participants who self-discontinued HAART and developed rebound viremia by week 24 (study participants #5, and #15), and after week 40 in a third participant (#11) who developed rebound viremia by week 72. Study participants who received two or fewer vaccine doses (#8 and #1, respectively) were excluded after weeks 8 and 4, respectively. The dataset at week 26 was, therefore, restricted to the nine participants who received all four vaccinations and maintained control of virus replication.
The frequencies of CD4 þ T cells carrying replicationcompetent HIV were summarized using geometric means and 95% CI. The changes in log 10 IUPM relative to baseline (defined as the average of the two prevaccine measurements) were summarized using means and 95% CI. These were estimated using a random effects model, in which indicator variables were created for each week and then compared with baseline. P values from the Student's t-test against zero were reported. The 95% CIs around the average change in IUPM at various time points reflect the ranges within which the true population values are estimated to fall, based on the results of our sample. In cases in which these CIs do not include zero, there is a 95% certainty that the direction of the change in IUPM will be reproducible. The frequencies of latently infected CD4 þ T cells (expressed as log 10 IUPM) were also correlated with CD4 þ and CD8 þ T cells, HIVspecific CD4 þ and CD8 þ T cell responses and CD8 þ T cell immune activation (HLA-DRþ) before and following immunization; Spearman's rank correlation coefficients were computed. Correlations between IUPM and HIV-specific CD4 þ and CD8 þ T-cell immune responses at week 26 were not examined due to small sample size. No corrections for multiple comparisons were performed. The estimated decay rate and 95% CI in log 10 IUPM values were obtained from a random-effects model of log-transformed latent reservoir measurement, described in detail elsewhere [28] . Half-life estimates were calculated assuming first-order decay kinetics [28] . Table 1 [29] summarizes the participants' age, mode of infection, antiretroviral treatment histories, number of vaccines received and the frequencies of latently infected resting CD4 þ T cells in IUPM measured at screen and study entry prior to HIV vaccinations. As previously reported [24] , the median age of the cohort at time of HIV vaccination was 23 years (range; 19-24 years) and the median duration of control of virus replication with HAART was 3.3 years (range; 0.6-6.4). All study participants had clinically undetectable viral loads (plasma HIV RNA <50 copies/ml) at the time of enrollment and the median percentage CD4 þ T cells was 38% (range: 18-51%). Five (25%) of the study participants were infected through perinatal transmission (Table 1) . Fiftyfive percent (11 of 20) of the study participants were receiving therapy with nonnucleoside reverse transcriptase inhibitor-based HAART and the remainder were on protease inhibitor-based regimens ( Table 1 ). Most study participants received three vaccine doses (N ¼ 18) and 11 received the full vaccine series of four doses (N ¼ 11; Table 1 ).
Results
Baseline characteristics
Analysis of replication-competent HIV CD4 R Tcell reservoirs
The frequencies of latently infected resting CD4 þ T cells were measured at two time points before and seven times following HIV vaccinations. One hundred and sixtythree viral cultures (35 before and 128 following HIV vaccinations) were performed on the cohort over a 2-year period; only measurements on the 19 of 20 study participants who had blood samples analyzed prevaccination were included in the analysis: 16 were studied at both prevaccination visits, and three at one time point prevaccination (Table 1) . Patients in the analyzed cohort had a median of eight latent reservoir measurements performed over the course of the study (115 enhanced cultures).
Replication-competent virus was recovered from 89% of the 19 participants studied prior to HIV vaccinations. The geometric mean frequency of latently infected cells (average of measurements at screen and entry) at baseline was 0.41 IUPM (95% CI: 0.23, 0.72), which is somewhat lower than mean levels (0.82 IUPM) reported for chronically HIV-infected adults on HAART [28] . The mean change in the frequencies of latently infected cells between the screen and study entry visits, which were separated by a median of 3 weeks was À0.25 log 10 IUPM (95% CI; À0.72, 0.21), and not statistically different (P ¼ 0.27). Individuals who were infected through perinatal transmission had higher frequencies of latently infected CD4 þ T cells at baseline compared with those infected through high-risk behavior [geometric mean frequency 1.02 vs. 0.32; 95% CI: (0.28, 3.69) vs. (0.17, 0.61) P ¼ 0.08]; both groups showed the same pattern of change over time (data not shown). The geometric mean frequencies of latently infected CD4 þ T cells at weeks 2, 4 and 6 were 0.48 (95% CI: 0.24, 0.94), 0.29 (95% CI: 0.16, 0.52) and 0.40 (95% CI: 0.23, 0.68), respectively, and not statistically different from baseline values (P ¼ 0.14, 0.94 and 0.50, respectively). By week 24, the geometric mean frequency was slightly lower than baseline levels 0.37 (95% CI: 0.21, 0.65) in the 15 study participants who received the first three vaccinations and remained suppressed on HAART but not statistically different from baseline (P ¼ 0.46). At week 40, the geometric mean frequency in latently infected CD4 þ T cells was lower than prevaccine levels [0.21 (95% CI: 0.14, 0.34); P ¼ 0.09], but by week 72, the last study time point, the geometric mean frequency in latently infected CD4 þ T cells was nearly similar to prevaccine levels [0.38, (95% CI: 0.19, 0.74); P ¼ 0.53]. Figure 1 shows the mean change from prevaccine levels in the frequencies of latently infected cells over the course of the study as estimated using a random effects model of the logtransformed IUPM. A 0.07-log 10 (95% CI; À0.20 to 0.34) increase in the mean frequency of latently infected CD4 þ T cells was detected at two weeks following the first vaccine dose; this was not statistically significant (P ¼ 0.63). At all other time points, the mean change in log 10 IUPM was negative, with a significant modest decrease at week 40 [mean À0.31 log IUPM (95% CI: À0.60 to À0.03; P ¼ 0.03)]. This effect was, however, transient and by week 72, the mean change in log 10 IUPM was almost zero at À0.06 log 10 IUPM (95% CI; À0.35 to 0.24; P ¼ 0.71). The decrease in IUPM at week 40 also corresponded with decrease in recovery of replication-competent virus. Prior to vaccination, 77% (27 of 35) of the viral cultures yielded replication-competent virus. Following vaccination, the recovery of replication competent virus ranged from 69 to 84% for all study visits except at week 40, at which virus recovery was lower at 40% (six of 15 cultures performed).
Using a random effects model with first order decay kinetics of the log-transformed IUPM measurements, the decay rate of the reservoir from baseline to week 40 was estimated to be À0.008 log 10 IUPM per week; 95% CI; 2230 AIDS 2011, Vol 25 No 18 À0.01 to À0.002, and was statistically different from zero (P ¼ 0.02). The estimated mean half-life was 9.8 months (95% CI; 5.4-48.9 months) and closer to estimates (4.6-6 months) reported for patients initiating HAART during acute infection. However, this effect was transient and the estimated decay rate of the latent reservoir over 72 weeks of the trial was À0.002 log 10 IUPM per week (95% CI: À0.005 to 0.001), and not statistically different from zero (P ¼ 0.21). The estimated mean half-life was 35.3 months (95% CI for half-life, 13.7 months to infinity) and similar to previously reported estimates in HIV-infected adults on stable HAART initiated during chronic infection (T 1/ 2 ¼ 44 months).
HIV-specific immune responses and latent reservoir size
Because HIV-specific CD4 þ T cells contribute to this reservoir, correlations between the size of the latent reservoir (measured by IUPM) and HIV-specific CD4 þ T-cell responses before and following HIV vaccinations were examined, as were the relationship between latent reservoir size and CD4 þ and CD8 þ T-cell counts, immune activation markers and HIV-specific CD8 þ Tcell responses. At baseline, IUPM did not correlate with absolute CD4 þ (r ¼ À0.17; P ¼ 0.48), CD8 þ T-cell counts (r ¼ 0.20; P ¼ 0.41), nor immune activation as assessed by frequencies of CD8 þ T cells that coexpressed HLA-DR and CD38 (r ¼ 0.37; P ¼ 0.14). HIV-specific CD4 þ T-cell lymphoproliferative responses as assessed by IL-2 production in response to whole inactivated virus (AT2 HIV MN ) or p24 gag at baseline also did not correlate with latent reservoir size. At 6 weeks, the first time point at which HIV-specific immune responses were determined after vaccination, latent reservoir size became correlated with frequencies of HIV-specific IFNg (r ¼ 0.54, P ¼ 0.02) and IL-2 producing CD4 þ T cells (r ¼ 0.48, P ¼ 0.04). At baseline, latent reservoir size correlated with CD8 þ T-cell responses directed toward HIV pol (r ¼ 0.57, P ¼ 0.01), and tat (r ¼ 0.57, P ¼ 0.01) and remained correlated at 6 weeks after vaccination. Even after removing outliers from baseline measurements, the correlation between reservoir size and HIVspecific CD8 þ T-cell responses to HIV pol and tat remained (r ¼ 0.50, P ¼ 0.03 and r ¼ 0.49, P ¼ 0.04, respectively). In addition, change in IUPM at week 6 was negatively correlated with change from baseline in IL-2 producing HIV-specific CD8 þ T cells (r ¼ À0.62, P ¼ 0.01).
Discussion
This study is the first to our knowledge to examine whether therapeutic HIV vaccinations would lead to either decay or increase the size of the resting CD4 þ Tcell latent HIV reservoir. There are several limitations to our analyses including the lack of a placebo group and the small sample size, and that nonsignificant results observed in the study may be due to the lack of statistical power. Furthermore, the exploratory nature of the study required analyses addressing various hypotheses and creating the possibility of chance findings. Despite these limitations, we found HIV-pox-based vaccinations to infected young adults who were receiving durable effective HAART resulted in a modest, but measurable and statistically significant transient decrease (an average of 0.31 log 10 IUPM lower) in the frequencies of latently infected CD4 þ T cells detected by 40 weeks following the first vaccine dose in recipients receiving three or four vaccinations. This decrease was associated with a faster rate of decay of the reservoir between study entry and week 40, in which the half-life of the reservoir was statistically different from zero, and estimated at 9.8 months and closer to those measured in adults treated during acute HIV infection (T 1/2 ¼ 4.6 to 6 months) [30, 31] . However, over the 72 weeks of study the estimated half-life of the reservoir was 35.3 months and similar to that measured in chronically-infected adults on HAART alone (T 1/2 ¼ 44 months) [28] . Our results suggest, a measurable transient decline, although small, in the resting CD4 þ T-cell reservoir occurred with HIV vaccinations. This effect may result from enhanced targeting of latently infected CD4 þ T cells by vaccine-induced HIV-specific immune responses upon exiting the latent reservoir during activation; or by direct reactivation of HIV-specific memory CD4 þ T cells harboring latent HIV with therapeutic immunizations, and warrants evaluation in other studies. It is, however, unclear what specific factors led to the transient decrease and subsequent rebound in the latent reservoir size by weeks 40 and 72, respectively, but may be consistent with transient increase followed by subsequent loss of HIV-specific immune responses, although the durability of the HIVspecific responses through 72 weeks of study were not evaluated in the parent trial. Alternatively, it is possible that over the time course of the study recirculation of infected cells to the peripheral blood compartment occurred. Importantly, HIV vaccinations were not observed to increase the size of the reservoir despite induction of HIVspecific CD4 þ T-cell proliferative responses and cytokine secreting cells [24] , which would be one concern for this treatment strategy [32] .
In this proof-of-concept study, prevaccine frequencies of latently infected CD4 þ T-cells in patients on standard HAART did not correlate with HIV-specific CD4 þ Tcell responses but were correlated with HIV-specific CD8 þ T-cell responses to HIV pol and tat. This finding may be explained by the possibility that patients with a larger reservoir size may experience more frequent episodes of HIV gene expression with reactivation of HIV from latency; virus production may then serve to boost HIV-specific CD8 þ T-cell immune responses. Indeed, anti-tat cytotoxic T lymphocytes are frequently detected in HIV infected individuals [33] , and anti-tat vaccine is under investigation [34] . However, a direct correlation between levels of CD8 þ T-cell immune activation and reservoir size at baseline was not observed in this study, as has been reported by others [35, 8, 26] . A measureable transient, although likely clinically insignificant, decrease in the size of the reservoir seen with therapeutic immunization is suggestive of an interaction between HIV-specific immune responses and latent reservoir size, although these findings are limited by lack of a placebo group. In other words, subpopulations of latently infected CD4 þ T cells that become activated during the course of infection may in turn become susceptible to vaccineinduced HIV-specific cytotoxic T-cell responses, that would block reversion HIV-infected CD4 þ T cells to the resting state [6] . That interaction between persistently infected cells in HAART-treated patients and HIVspecific CD8 þ T-cell responses may occur is suggested by our previous finding of sequence evolution in low-levels of plasma virus within relevant CD8 þ T-cell epitopes, also detected transiently at week 40, in HLA-A2-positive individuals enrolled in the trial [29] . Together, these findings are suggestive of short-lived CD8 þ T-cellmediated effects induced with HIV-pox-based vaccinations in HAART-treated individuals. Understanding the pathogenesis of a transient decrease in the size of the reservoir in the context of HIV vaccinations is important for informing HIV therapeutic vaccine and eradication strategies, and merits confirmation in other vaccine trials. The long-term stability of the reservoir in the setting of immune activation and augmentation of HIV-specific immune responses suggests that although vaccineinduced immunity may have a transient, albeit modest effect on latently infected CD4 þ T cells, alternate strategies will also be required for clearing HIV from this reservoir.
